ABSTRACT: Over the last few decades, the size at which Pacific salmon Oncorhynchus spp. attains maturity has decreased in many populations, whereas the age at maturity has increased. Both fisheries-induced evolution and environmentally-induced phenotypic plasticity could contribute to the changing age and size at maturity of Pacific salmon. We evaluated the potential for genetic changes in the maturation schedule of Japanese chum salmon using the probabilistic maturation reaction norm (PMRN) method. We found that the recent decrease in size at maturity, and increase in age at maturity, of Japanese chum salmon can be largely attributed to a phenotypic response to a reduced growth rate, but that fisheries-induced evolution should not be ruled out. Recent claims concerning fisheries-induced evolution of the maturation schedule are based on the decline in the age-specific body size at which the probability of maturing is 50%, a feature of PMRNs. However, the PMRN could change with changing environmental conditions. Therefore, a genetic change cannot be diagnosed only by the PMRN method. 
INTRODUCTION
Over the last few decades, the size at which Pacific salmon Oncorhynchus spp. attains maturity has decreased in many populations, whereas the age at maturity has increased (reviewed by Bigler et al. 1996) . These patterns are well recognized in chum salmon O. keta (Ishida et al. 1993 , Helle & Hoffman 1995 , Kaev 1999 , sockeye salmon O. nerka , Holt & Peterman 2004 and pink salmon O. gorbuscha (Azumaya & Ishida 2000 , Wertheimer et al. 2004 . The size at maturity of endemic Asian masu salmon O. masou has also decreased (Tago 2002) . In Japanese chum salmon, the average size at maturity of each age has decreased by ~5 cm, and the average age at maturity has increased by ~0.5 yr since the 1960s (Fig. 1a,b) .
Genetic change associated with commercial fishing has been suggested as being a contributory factor to the observed decline in size at maturity (Ricker 1981 (Ricker , 1995 . Ricker (1981 Ricker ( , 1995 suggested that the gillnet fishery targeting maturing pink salmon removed large-sized fish at maturity that had grown fast, because almost all pink salmon mature at the same age, i.e. 2 yr. From 1952 to 1992, many Pacific salmon were caught in the high seas far from their spawning sites by the Japanese fishery using gillnets (Fig. 1c , , which are highly size-selective (Ishida 1969) . In addition, losses from gillnetting in the high seas, i.e. mortality caused by high-sea fishing with gillnets but not included in catch statistics, is substantial at ~25 to 50% (Ricker 1976 ). In such a situation, a fish that matured at a smaller size than the fishable size could take refuge from the high-seas fishery. Therefore, artificial selection toward a small size at maturity could occur for Pacific salmon. In contrast, Welch & Morris (1994) suggested that artificial selection for slower-growing fish cannot be the primary cause of the long-term decline in the size of pink salmon observed since the 1950s because their size at maturity in the early 1930s was similar to what it is today. Additionally, although it may explain the decline in size at maturity, it does not seem to address the increase in age at maturity (Healey 1986 ).
The genetic changes associated with fishing become known as fisheries-induced evolution (Conover et al. 2005 , Reznick & Ghalambor 2005 . High fishing mortality and size-selective fishing are two of the most important causes of fisheries-induced evolution. Theoretical studies showed that selection for early maturation (i.e. decreased age and size at maturity) is more likely to occur, but selection for delayed maturation is also possible depending on the pattern of artificial selection (Law & Grey 1989 , Heino 1998 . Fisheries-induced evolution has been suggested to account for some of the observed trends in age and size at maturity (e.g. North Sea plaice Pleuronectes platessa, Grift et al. 2003 ; Atlantic cod Gadus morhua, Olsen et al. 2004 Olsen et al. , 2005 . This essay comprises (1) a brief literature review of the environmental causes of the decline in size at maturity of Pacific salmon, (2) an evaluation of the potential for genetic changes in the maturation schedule of Japanese chum salmon, using the probabilistic maturation reaction norm (PMRN) method, and (3) a critical review of the application of the PMRN method to the study of fisheries-induced evolution.
ENVIRONMENTAL CAUSES OF THE DECLINE IN SIZE AT MATURITY
Environmentally-induced phenotypic plasticity contributes to the changing age and size at maturity of Pacific salmon (Ishida et al. 1993 , 1995 , Welch & Morris 1994 , Cox & Hinch 1997 , Wertheimer et al. 2004 . Most studies suggest relationships among temperature, population size, and body size at maturity. For example, the growth of Pacific salmon is density-dependent, and the number of individuals of this genus more than doubled during the last quarter of the 20th century. This increase in population size may have led to a decrease in per-capita food availability and, thus, a decrease in the size at maturity (Bigler et al. 1996) . Ishida et al. (1993 Ishida et al. ( , 1995 found that increases in abundance and decreases in sea-surface temperature were significantly associated with the reduced body length of chum salmon in the North Pacific. Interestingly, these trends appear to have reversed during the 1988 to 1998 brood years ( Fig. 1 ; Kaeriyama & Katsuyama 2001 , Eggers et al. 2003 , Kaev & Romasenko 2003 , and size at maturity has been increasing with decreasing population size since the late 1990s (Kaeriyama & Katsuyama 2001) . reported that increases in abundance and sea-surface temperature were significantly associated with reduced adult body length in sockeye salmon in British Columbia and Alaska. However, the evidence supporting environmentally-induced phenotypic plasticity is based on correlation, and not causation.
ASSESSING FISHERIES-INDUCED EVOLUTION USING THE PMRN METHOD
Recent claims concerning fisheries-induced evolution of the maturation schedule are based on the decline in the age-specific body size at which the probability of maturing is 50%, a feature of PMRNs (e.g. Grift et al. 2003 , Olsen et al. 2004 . The PMRN method is based on the logistic regression: showing the Japanese, Russian and North American fisheries and Japanese high-seas fishery (Eggers et al. 2003) where p is the probability of maturing, l is body size, c 0,a is a constant for each age a, and c 1,a is a coefficient for l for each age. Assuming that a fitted logistic regression is a cumulative distribution function, the body size at 50% probability of maturing indicates an average size threshold for maturity that can be calculated as -c 0,a × c 1,a -1
, with a variance of π 2 /3c 1,a 2 (Metcalf et al. 2003) . Because it is usually difficult to identify newly matured fish (i.e. first-time spawning fish) for iteroparous species, a statistical method to estimate PMRNs when age at first maturity is unknown has been proposed (Grift et al. 2003 , Barot et al. 2004 . Usually, the variance in the size threshold for maturity is not negligible, indicating that genetic variance or factors other than body size affect maturation. Morita et al. (2005) estimated the PMRN using data on chum salmon ascending the Shari River, eastern Hokkaido, Japan, during the breeding season of 1992 to 1997 (Fig. 2) . Because Pacific salmon are semelparous species, the maturity ogive is the same as the PMRN, i.e. we need not use the method of Barot et al. (2004) . The probability of maturing increased with fork length, but the reaction norm midpoint at 50% maturation probability (i.e. average threshold size at maturity) decreased with increasing age (Fig. 2) . Note that the observed average size at maturity is markedly different from the reaction norm midpoint at 50% maturation probability. The average size at maturity increased with age, but this does not mean that older fish need a larger body size to mature. Morita et al. (2005) simulated the potential modification of average age and size at maturity of chum salmon in response to changing growth rate using a sizestructured model with constant age-and size-specific maturation rates (i.e. time-invariant PMRNs, as in Fig. 2) . The results suggested that the decrease in size at maturity and increase in age at maturity over the last 4 decades could result from a reduced growth rate alone, without any change in the PMRN (Fig. 3) . However, to our knowledge, no studies have reported the long-term trends in the PMRN in Pacific salmon, because it is generally difficult to estimate size-frequency distribution of immature Oncorhynchus spp.
CAN PMRNs DIAGNOSE GENETIC CHANGES?
The PMRN method quantifies the maturation schedule after accounting for the variation in body size at a given age. Therefore, the PMRN may be insensitive to phenotypic plasticity in growth because it assumes that body size is sufficient to determine maturation at a given age. If the variation in the threshold size at maturity,
, is attributable to genetic variance (i.e. the heritability of the threshold size at maturity is high), the method would be useful for assessing genetic changes in the maturation schedule. To understand genetic changes in the PMRN, knowledge of the heritability of the threshold size at maturity is critical (cf. Wesselingh & de Jong 1995, Wesselingh & (Morita et al. 2005) . Data include 3 cohorts, the 1989 to 1991 brood years, and pooled sexes. Left and right histograms for each age correspond to females and males, respectively. There is no significant difference in the PMRN between sexes; however, size at each age differed significantly between sexes. Details of data and their treatment are described elsewhere (Morita et al. 2005) Size at maturity (cm)
Age at maturity (yr) Fig. 3 . Oncorhynchus keta. Simulated and observed covariation in average age at maturity and average size at maturity of Age 4 yr chum salmon. Filled symbols indicate simulated changes in response to changing growth rate k using a size-structured model (Morita et al. 2005 ) with an invariable probabilistic maturation reaction norm as in Fig. 2 . Open circles are observed data as in Fig. 1a Baum et al. 2004 , Aubin-Horth et al. 2006 . Baum et al. (2004) and Aubin-Horth et al. (2006) showed that the threshold size at maturity decreased with altitude and distance from the mouth of the river, respectively. In addition to genotype, temperature, food availability, condition factors and growth history affect the maturation probability independent of body size at a given age (Bromage et al. 1992 , Silverstein et al. 1998 (2000) compared the maturation schedule of white-spotted charr Salvelinus leucomaenis in below-dam river sections accessible to the migrant form with above-dam river sections inaccessible to the migrant form. Because above-dam river sections are populated by only the resident form (i.e. precocious fish), it is hypothesized that above-dam fish will mature at earlier ages and smaller sizes. We reanalyzed these data (Morita et al. 2000 , Morita & Yamamoto 2001 ) using a PMRN method (Fig. 4) . Age 1+ yr males above the dam had a smaller threshold size at maturity than did those below. Because a significant difference was observed in PMRNs between above-and below-dam sections (likelihood ratio test G 2 2 = 31.2, p < 0.001), one may suppose that fish have evolved rapidly following isolation by dams. However, the PMRN for below-dam fish changed plastically when they were transplanted to an abovewaterfall section about 16 mo before maturation (G 2 2 = 36.3, p < 0.001), and no significant difference between the sections was detected when fishes from both sections were transplanted to a common above-waterfall section (G 2 2 = 0.425, p = 0.809). Therefore, the observed difference in the PMRN for these populations could be largely attributable to differences in environmental conditions (Morita et al. 2000) . examined the relationships among body size, previous growth history and maturation probability in chum salmon. Previous growth history was more closely linked to maturation probability than was body size, and the annual growth increment of the previous year was the most important factor affecting whether a fish matured during the subsequent season. This finding is consistent with endocrinological studies of salmonid maturation in which somatic growth during the fall and winter affected the onset of maturation in the next autumn (Campbell et al. 2006) . Thorpe (1986) argued that body size is a measure of past performance; in contrast, growth rate is a measure of current performance and thus provides a better basis for developmental decisions than body size alone. Thus, the PMRN could change with changing growth patterns. showed that the relationship between body size and maturation could probability be plastically modified by growth history because individuals of similar body size (at the same age) can have different growth histories.
Therefore, genetic change cannot be diagnosed only by the PMRN method. When interpreting the trends of the PMRN, it is necessary to quantify how the age-specific body size at 50% probability of maturing is altered in response to changing temperature and food availability before invoking evolution. Even when age-specific growth rates show no change between years, food availability may show an increasing trend coincident with increasing age-specific maturation rates (i.e. declining trends in age and size at maturity) because energy allocation toward somatic growth versus reproduction should decrease. It is still unclear how the PMRN is altered in response to changing environment; this merits further study (e.g. Grift et al. 2007 ). Fitted logistic regression of the probability of parr maturation based on fork length of Age 1+ yr male white-spotted charr above and below dams (data from Morita et al. 2000) , and for fishes from each section transplanted to a common above-waterfall section about 16 mo before maturation (data from Morita & Yamamoto 2001) . Regressions plotted for the range of fork lengths used. Different letters denote statistically significant differences based on likelihood-ratio tests
CONCLUDING REMARKS
The age and size at maturity of fishes, including salmonids, are flexible and depend on a variety of environmental conditions. The PMRN may also covary with changing environments. While it is important to detect evidence of the effects of fisheries-induced evolution on age and size at maturity, it is equally important to address the relative contribution of fisheries-induced evolution and environmentally induced phenotypic plasticity to the observed changes in age and size at maturity. For example, the recent decrease in size at maturity and increase in age at maturity of Japanese chum salmon can be largely attributed to a phenotypic response to a reduced growth rate, but fisheries-induced evolution should not be ruled out.
